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Generate consistent climate forcing sequences of   
Rainfall and temperature. 

River/Reservoir 
Planning & Management 

Simulate soil moisture, 
evapotranspiration, runoff, 
and streamflow. 

GCM Scenarios 
Downscaling 

Simulate current and  
adaptive mgt. policies 
and assess impacts 
on water uses. 

Watershed Hydrology 

Vulnerability  
Assessment 
and 
Mitigation Potential 

Integrated Modeling Framework 



Climate Scenarios 



Dynamic Downscaling: Mean Areal Precipitation and Temperature 



Watershed Hydrology: Snow, Soil, and Channel Modeling System 



Selected Results: Temperature, Precipitation, Streamflow 



Northern California River and Reservoir 
System Schematic 

Trinity River System (Clair Engle Lake, 
Trinity Power Plant, Lewiston Lake, Lewiston 
Plant, JF Carr Plant, Whiskeytown, Clear 
Creek, and Spring Creek Plant); 

Shasta Lake System (Shasta Lake, Shasta 
Power Plant, Keswick Lake, Keswick Plant, and 
the river reach from Keswick to Wilkins); 

Feather River System (Oroville Lake, Oroville 
Power Plants, Thermalito Diversion Pond, 
Yuba River, and Bear River); 

American River System (Folsom Lake, 
Folsom Plant, Natoma Lake, Nimbus Plant, 
Natoma Plant, and Natoma Diversions);  

San Joaquin River System (New Melones 
Lake, New Melones Power Plant, Tulloch Lake, 
Demands from Goodwin, and Inflows from 
the main San Joaquin River); and  

Bay Delta (Delta Inflows, Delta Exports, 
Coordinated Operation Agreement--COA, and 
Delta Environmental Requirements).  

River and Reservoir Modeling System 

Objectives: 

Water Supply 
Energy Generation 

Environment 
Ecology 

Recreation   



River and Reservoir Modeling System (2)  



River and Reservoir Modeling System (3)  

Base Demand Locations and Amounts (WS Deliveries) Delta-related Model Variables (68) 



   Current Policy  

• Generate inflow forecasts—median trace (HA). 

• Determine water year type (DWR: C/D/N/AN/W). 

• Adjust base demands based on year type. 

• Determine next month reservoir releases to 
  - meet water delivery targets and minimum 
    required flows at various river nodes, 
 assuming no extra releases are required to meet  
 Delta demands (X2) and pumping to South CA.  

• If X2 requirements and south CA delivery 
targets 

 are not met, increase releases according to COA 
 (roughly 25/75 rule). 

• If deficits persist, allocate water to meet X2 first, 
 then south CA water deliveries. 

• Repeat at the next month.    

River and Reservoir Modeling System (4)  
Current and Adaptive Management Policies 

Adaptive, Risk-based Policy  

• Generate inflow forecasts—full ensemble (HA). 

• Determine reservoir releases for the next 9  
 months to  
 -  meet water delivery targets and minimum 
  required flows at various river nodes, 
 -  meet environmental and ecological Delta 
  requirements associated with the X2, 
  location and Delta outflow, 
 -  generate as much energy as possible, and 
 -  maintain high reservoir levels and 
  sufficient carry-over storage.  

 (System-wide, stochastic optimization;  
 Not according to the COA. ) 

• Apply first month release and repeat.  

                 Main Policy Differences  

    Current Policy                                               Adaptive Policy  
•  Focuses on current month.                     Optimizes over the next 9 months.  
•  Deterministic.                       Risk based.   
•  Adjusts demand targets twice a year.                    Re-optimizes every month.  
•  Follows COA in extra water allocation.           Finds optimal allocation strategy each time.  



Adaptive Management System (INFORM DSS) 

System-wide, stochastic optimization 



Assessment Criteria 

Lake Levels, Spillage 

Water Supply Reliability 

Energy Generation  

Bay Environment (X2)  

others. 

Simulation Horizon 
1970 to 2019 (Historical) 
2050 to 2099 (Future)  

9-month Forecast-Decision Horizon 

  (Monthly time steps) 

Management  Policy 

Inflow Forecasting  

River/Reservoir 
Simulation 

Reservoir Mgt. 
Basin wide 

One Step System 
Simulation 

Inflow Scenario 

Demand Scenario 

Regulation Policy 

Assessment Process 



Inflow Comparison (Historical vs. Future Scenario)  

Average future inflows are somewhat higher. 
 (Trinity 6.3%; Oroville 10%; Shasta 4.3%; Folsom 5.6%.) 

Minimum future inflows are considerably lower indicating more severe droughts  
 (27% reduction). 

Future inflows are more variable.    

Wet season shifts earlier.  

Trinity Historical vs. Future Inflows 

System Historical vs. Future Inflows 



Lake Levels: Current vs. Adaptive Policies for 
Historical and Future Scenarios 

Lake levels exhibit considerably greater seasonal and annual variability in the future 
scenario.  

System conservation storage is used up in the future scenario. Drought vulnerability 
increases.   

 Adaptive DSS policy exhibits higher lake levels and less spillage than current policy.  

Historical Future 



Water Deliveries: Current vs. Adaptive Policies for 
Historical and Future Scenarios 

Current policy provides higher amounts during wet years and lower during dry years.  
Adaptive DSS policy is more balanced and reliable—reduces vulnerability.   

Current policy WS during most severe drought (TAF): 4,798 (Historical); 2,545 (Future) 
 Adaptive DSS WS during most severe drought (TAF):   4,923 (Historical); 4,949 (Future)   

Historical Future 



Energy Generation: Current vs. Adaptive Policies for 
Historical and Future Scenarios 

Historical Future 

Average energy generation increases by 5% in the future scenario under both policies.   

Firm energy generation decreases by 10% under the Adaptive Policy and 29% under 

the Current Policy.    



Delta Outflow and X2 Location: Current vs. Adaptive Policies for 
Historical and Future Scenarios 

Adaptive DSS policy meets Delta outflow and X2 requirement in both scenarios. 
 Current Policy violates Delta outflow and X2 requirement (by 28 kilometers) in future 
droughts.   

Current Policy Adaptive DSS Policy 

Delta Outflow 

X2 Location 



Performance Differences (%) of Future relative to Historical Scenario 

Current policy worsens in the future scenario:  
 More spillage (27.9%), less minimum water deliveries (47%), 
 less firm energy (21.4%), and significant X2 and delta outflow violations (35%). 

+ Increased average water deliveries (3%) and energy generation (3.5%).  

Adaptive DSS policy more robust between historical and future scenarios:  
+ Increased average water deliveries (7.7%), increased minimum water deliveries 

(0.5%), increased average energy (3.9%), and no X2 and delta outflow violations. 
Increased spillage (14.5%), less firm energy (9.2%). 



Adaptive DSS vs. Current Policy differences are minor in the historical scenario.  

Adaptive DSS policy is notably more robust in the future scenario with respect to 

all criteria, especially minimum water supply, firm energy, Delta requirements, and 
spillage. 

There are nonlinear interactions and tradeoffs underlying system response and 
performance against the different criteria. Such assessments serve to quantify and 
communicate these interdependencies.   

Performance Differences (%) of DSS relative to Current Policy 



Future A1B scenario portents intensifying water stresses (due to seasonal inflow 
shifts and higher inflow variability) and higher vulnerability to extreme droughts.    

Adaptive, risk based, reservoir regulation strategies are self tuning to the changing 

climate, deliver more robust performance than current management practices, and 
can considerably mitigate the negative impacts of increased water stresses. 

Effective implementation of adaptive, risk based, reservoir regulation strategies require 

• more flexible laws and policy statutes (COA, heuristic rules, etc.), 
• a new level of institutional cooperation for water resources management, and   
• capacity building of agency personnel in modern decision support methods.  

Conclusions 



Climate 
Forecasts    

    Decision 
     Rules 
Impact Forecasts   

Flood Damage, Water Supply, 
Energy Generation, Agriculture 
Public Health, etc. 

Hydrologic 
Forecasts 

Impacts 

p 

Uncertainty Management: Climate    Hydrology    Management 

u: Static/Fixed 

u: Dynamic/Adaptive 

Adaptive decision rules can manage  forecast 
uncertainty. 

Heuristic regulation rules cannot.  



Further Work 

Bracket cloud influence in climate downscaling component. 

Incorporate impacts of sea-level rise.  

Assessments of other GCM scenarios (A2, B1, etc.) to investigate the sensitivity of the 
findings presented herein.   

Assessments with daily and sub-daily temporal resolution to quantify climate change 
impacts on other system functions and outputs (flooding, energy generation markets, 
ecosystem response, etc.). 

Multi-stressor assessments including demand and land use change.   

Conjunctive, statewide surface water – groundwater assessments.  
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